Much research has asserted that high shear forces are necessary for the formation of aerobic granular sludge in Sequencing Batch Reactors (SBRs). In order to distinguish the role of shear and dissolved oxygen on granule formation, two separate experiments were conducted with three bench-scale SBRs. In the first experiment, an SBR was operated with five sequentially decreasing superficial upflow gas velocities ranging from 1.2 to 0.4 cm s
INTRODUCTION
In recent years, the Sequencing Batch Reactor (SBR) has been used to form compact sludge structures, termed aerobic granules. Granules can be described as a collection of self-immobilized cells into a spherical form. This special case of biofilm growth occurs without the addition of carrier material. Granular sludge have a wide range of beneficial properties compared to activated sludge flocs, most notably their strong structure and good settling property. A brief review of both anaerobic and aerobic granulation shows that a variety of microbial species are able to form granules, leading researchers to hypothesize that granulation is not a function of microbiological groups but of reactor operating conditions.
Research on the necessary factors for aerobic granule formation has focused on operational parameters, such as the effect of settling time, shear force, and volumetric loading rate on the formation and structure of granules.
A high shear force has been shown to be an important factor in the formation of aerobic granular sludge, and an extensive literature review presented the effect of superficial gas velocity in a variety of reactor systems including UASB, fluidized-bed reactors, and aerobic granular reactors .
Shear caused by upflow aeration is the main detachment force in column-type SBRs during the formation of granules. Once granules are formed, interaction between granules may also serve as a detachment force. Most papers published for aerobic granulation describe the shear force in terms of the superficial upflow gas velocity, which is the aeration rate applied over the surface area of the reactor.
Although the superficial upflow gas velocity ignores shear force caused by particle interaction, it is a constant and doi: 10.2166/wst.2008.393 easily calculated description of shear force caused by aeration.
In one study of the impact of shear force on granule formation, Beun et al. utilized showed that SVI decreased as the superficial gas velocity increased (Tay et al. 2001) .
Although these papers suggest that a shear force is necessary for aerobic granulation to occur, the shear force is calculated from the aeration rate to the reactor. In these experiments, the superficial upflow gas velocity is decreased by decreasing the aeration rate, which inherently changes the dissolved oxygen supply and concentration in the reactors. However, the dissolved oxygen concentration is often times not reported, so it is hard to discern the respective effects of a decreased shear force versus a decreased DO on granule formation. force on the maintenance of granular sludge. After each change, the reactor was allowed to stabilize for at least two weeks before final measurements were taken. Table 1 presents the days of operation and aeration rates used, together with the corresponding superficial upflow gas velocities.
Except for the source of compressed air, the two reactors used for the second experiment were operated Standard wastewater measurements were taken regularly according to Standard Methods (Clesceri et al. 1998) .
The development of flocs and granules were observed using a stereomicroscope (Leica Wild MPS 46/52), and images were taken of mixed liquor. Image analysis was performed to measure the average diameter and aspect ratio of all particles greater than 300 mm in diameter. For each sample, 300 -500 particles were measured using image analysis. The aspect ratio (min diameter/max diameter of a given particle; 0 ¼ line, 1 ¼ circle) reflects the roundness of a particle, with an aspect ratio of one being a perfect circle.
RESULTS Experiment 1-different shear forces in one reactor
At the initial superficial gas velocity of 1. To understand why substrate uptake rates changed with reduced aeration rates, the DO in the mixed liquor was measured during React. With a superficial upflow gas velocity of 1.2 cm s (Top) below a superficial gas velocity of 0.8 cm/sec, the average aspect ratio decreases linearly. (middle) The % of total particles with an aspect ratio less than 0.5 increases, and (bottom) the % of particles with an aspect ratio greater than 0.7 decreases.
biofilm wall growth was a problem over the entire operation period. Wall growth in both SBRs was estimated over a week using inserted glass slides. For Reactor 2_lowDO, approxi- 
DISCUSSION
The results from experiment 1 correlate with previous experiments that conclude a sufficiently high shear force is necessary for aerobic granule formation (Tay et al. 2001) .
Using only this data, one might extend this observation to say that a high shear force is also necessary for maintenance and decreased the aerations rates once the famine period began. Since this operation did not disrupt the substrate uptake kinetics, the granular structure was not affected (Liu & Tay 2006) .
In experiment 2, a DO below 5 mg L 21 prevented the formation of aerobic granular sludge at high shear forces.
The two separate experiments indicate that the dissolved oxygen concentration is more important to substrate uptake kinetics and granule formation than the shear force. This conclusion differs from previous reports, but it is based on a more complete data set.
In separate studies, aerobic granulation has been 
CONCLUSIONS
The first experiment confirmed previous reports that granular sludge disintegrates under low shear forces.
Aerobic granular sludge is not stable at superficial upflow gas velocities below 1.0 cm s 21 when the shear force is controlled only by the aeration rate. In such cases, low aeration rates create an oxygen limitation during React, decreasing the intensity and extending the duration of the feast period and shortening the famine period. 
